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A model for the possible size distribution of astrophysical strangelets, that fragment out of the warm
strange quark matter ejected during the merger of binary strange stars in the Galaxy, is presented here by
invoking the statistical multifragmentation model. A simpliﬁed assumption of zero quark mass has been
considered to obtain such mass-spectrum for the strangelets. An approximate estimate for the intensity
of such strangelets in the galactic cosmic rays is also attempted by using a diffusion approximation.
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
In 1984, Witten [1] proposed that strange quark matter (SQM)
containing roughly equal numbers of up, down and strange quarks
that are conﬁned in a ‘bag’, representing the conﬁnement of quarks
through strong interactions, may be the true ground state of quan-
tum chromodynamics (QCD). In the same year, Farhi and Jaffe [2]
showed that small ‘nuggets’ of SQM in the form of ‘strangelets’
with baryon number A < 107 may also be stable. Useful theoretical
predictions, in the context of strangelets, have subsequently been
provided by several authors; e.g., references [3–14]. Conjectures on
the possible sources of strangelets include highly energetic nuclear
collisions [15,16], collisions between strange stars [17,18] and the
material ejected during supernova explosions [19]. Several exotic
events were earlier reported in cosmic ray experiments at balloon
and mountain altitudes [20–22]. Recently, a doubly charged (i.e.,
Z = 2) event with its charge to mass ratio of about 0.1 is claimed
to be detected in the Alpha Magnetic Spectrometer (AMS)-01 ex-
periment [23]. All the above events are usually considered to be
candidates for strangelets.
The existence of SQM nuggets have numerous consequences in
cosmology and astrophysics. It is, therefore, important to be able
to ﬁnd the contribution of such strangelets to the cosmic ray ﬂux.
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Open access under CC BY license.Recently, the AMS-02 experiment has begun to probe into the ev-
idence of strangelets at the top of the atmosphere [24]. As an aid
to such experiments, Madsen [25] has provided a theoretical esti-
mate for the possible strangelet ﬂux in galactic cosmic rays above
Earth’s atmosphere. In his treatment, Madsen considered that the
SQM, ejected due to tidal disruptions of strange stars in a bi-
nary system as they spiral towards each other owing to the loss
of their orbital energy, would fragment into strangelets of roughly
equal baryon numbers. It is, however, well-known in thermody-
namics [26,27] that dilute warm matter ﬁnds it more convenient to
condense into fragments of different sizes. On this consideration,
the dilute SQM ejecta is also expected to clump into strangelets
of different sizes having different baryon numbers and attain a
state with lower free energy. Such size distribution of astrophysical
strangelets has not been satisfactorily treated so far. The primary
goal of the present Letter is to ﬁnd the appropriate mass distri-
bution for the strangelets. For this, we take recourse to Statistical
Multifragmentation Models (SMM), the variants of which are often
used in the analysis of fragmentation of hot nuclear matter in both
terrestrial and astrophysical contexts [28–30].
The production rate of strangelets in our Galaxy is somewhat
speculative. If SQM is absolutely stable, as implied by the SQM hy-
pothesis, then all the compact stars are likely to be the strange
stars [17,18]. A major source for the production of strangelets in
our Galaxy may thus be the merger of strange stars in binary sys-
tems [25,31–33]. Recent numerical simulations [32,33] show that
such mergers are likely to produce tidal arms and the SQM ejected
from the tips of those arms may become gravitationally unbound.
Such simulations also show the formation of small lumps in the
ejected material that may be a signature of the initial formation
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the further fragmentation and separation of those lumps, as the
ejected material approaches its thermodynamic and chemical equi-
librium, would ultimately yield a strangelet mass distribution that
contributes to the cosmic ray ﬂux in the Galaxy. By combining
the population-averaged ejected mass of 10−4M per binary in-
teraction obtained in their simulations and a strange star merger
rate of about 10−5–10−4 yr−1 [34], which is consistent with mod-
ern observations, Bauswein et al. [33] arrived at a production rate
of strangelets of total mass of about 10−9M–10−8M yr−1 in
our Galaxy. We may also note that, in a recent communication,
Paulucci et al. [35] gave a somewhat different scenario for the
galactic production of strangelets from the fragmentation of SQM
material ejected by shock waves during SN-II explosions. Fragmen-
tation of the SQM ejecta at temperatures of a few MeV is a com-
mon feature in both the above scenarios. In this Letter, we would
simply consider the SQM as given and calculate the strangelet-
mass spectrum resulting from the fragmentation of that SQM. To
evaluate such spectrum, we adopt the SMM. In Section 2, we there-
fore, summarize some of the essential features of the SMM. In Sec-
tion 3, we invoke the formalism of nuclear fragmentation model
to ﬁnd the size distribution of the strangelets. Discussion of the
results and their observational implication are presented in Sec-
tion 4.
2. Nuclear multifragmentation model
In nuclear SMM [28–30], it is assumed that the initially com-
pressed warm nuclear matter containing No neutrons and Zo pro-
tons evolves in thermodynamic equilibrium and undergoes disas-
sembly after reaching the ‘freeze-out volume’ at temperature T ,
when the mutual interactions between the fragments cease to be
important. The expansion of the system is assumed to be quasi-
static [36]; i.e., the expansion time scale is large compared to the
equilibration time of the expanding complex. It is also assumed
that, at the freeze-out volume, the system reaches chemical equi-
librium. Moreover, if the system does not have any radial collective
ﬂow, then the total thermodynamic potential [37] of the system at
freeze-out is given by
Ω = E − T S −
Ns∑
i=1
μiωi . (1)
Here, E and S denote the internal energy and entropy of the
system respectively, i indicates the fragment species, Ns is the
total number of species, while ωi speciﬁes the multiplicity and
μi = Ziμp+Niμn is the chemical potential of the i-th species with
μp being the chemical potential of each proton and μn being the
chemical potential of each neutron. The freeze-out volume is a free
parameter in this model. It is taken as about 3–10 times the nor-
mal volume of the fragmenting system [38]. The results obtained
from the models correlate very well with the relevant experimen-
tal observables [28].
In quantum statistical multifragmentation, the multiplicity of a
fragment of specie i is given as
ωi = 2V√
πλ3i
∞∑
j=0
g ji J
+
1/2
(
η
j
i
)
, (2)
or,
ωi = g0i
1
(e−η0i − 1)
+ 2V√
πλ3i
∞∑
j=0
g ji J
−
1/2
(
η
j
i
)
, (3)
depending on whether the fragment is fermion (Eq. (2)) or boson
(Eq. (3)). In Eq. (3), the ﬁrst term on the right hand side is theBose-condensation contribution. In the above expressions, V refers
to the available volume (freeze-out volume minus the volume of
the produced fragments) and λi = h/√2πmiT is the thermal de
Broglie wavelength. Here, mi is the effective mass of the i-th frag-
ment. It is taken as mi = mnAi where Ai is the baryon number
of the fragment and mn = 938 MeV is the average nucleon mass.
The summation over j refers to the summation over all the energy
states of the fragment including the ground state and g ji refers to
the degeneracy of the states. In Eqs. (2) and (3), J±1/2(η) designate
the Fermi or the Bose Integral; i.e.,
J±1/2
(
η
j
i
)=
∞∫
0
x1/2
ex−η
j
i ± 1
dx, (4)
while the ‘fugacity’ η ji is given as
η
j
i =
(
μi − E ji
)
/T (5)
with E ji being the energy of the i-th fragment in the j-th state.
If η < 0 and |η|  1, then J±1/2  (
√
π/2)eη; Eqs. (2) and (3)
then go over to the Maxwell–Boltzmann distribution for the frag-
ments; i.e.,
ωi = Vλ−3i eμi/T
∞∑
j=0
g ji e
−E ji /T . (6)
The sum in Eq. (6) is the total canonical partition function Zi of
the fragment specie i that is deﬁned as Zi = e−Fi/T with Fi be-
ing the free energy of the i-th specie. The ﬁnal expression for the
multiplicity of the i-th specie may, therefore, be written as
ωi = Vλ−3i e(μi−Fi)/T = Vλ−3i e(−Ωi/T ), (7)
Ωi being the thermodynamic potential of the fragment.
3. Mass-spectrum for the strangelets
We would use Eq. (7) to ﬁnd the strangelet-mass spectrum that
arises from the fragmentation of SQM material in thermodynamic
equilibrium at the freeze-out volume at a temperature T . In this
Letter, we make the simplifying assumption that the quarks are
massless and also consider each of the strangelets to contain equal
numbers of up, down and strange quarks, each having the same
chemical potential μq at freeze-out. By constitution, the strangelets
are then chargeless so that the Coulomb interactions among the
strangelets are absent here. Following SMM, the strangelets are
also assumed to have no strong interaction at freeze-out [28]. We
further assume that each strangelet is in mechanical equilibrium,
with its internal quark pressure exactly balancing the bag pressure,
such that each of the i-th specie satisﬁes a condition [39]
BV i =
[(
19π2/36
)
T 4 + (3/2)μ2q T 2 +
(
3/4π2
)
μ4q
]
Vi
− [(41/216)T 2 + (1/8π2)μ2q]Ci, (8)
where, B is the MIT bag constant, the value of which is taken
to be B1/4 = 145 MeV. In Eq. (8), Vi and Ci denote the vol-
ume and curvature for a spherical strangelet such that Ci =
8(3π2Vi/4)1/3, Vi = 4πr3o Ai/3 with ro being the radius parameter
for the strangelets, the value of which is calculated to be 0.96 fm
for the entire range of parameter values considered in this Letter.
For three massless quark ﬂavors of equal chemical poten-
tials, the expressions for the thermodynamic potential Ωi and the
baryon number Ai of the i-th strangelet in the equilibrated cluster
may be written as [39]
32 S. Biswas et al. / Physics Letters B 715 (2012) 30–34Fig. 1. (Color online.) Variation of ln ω(A) with the variation in A for the strangelets
at different temperatures for a ﬁxed value of the available volume V = 5Vo. Here,
Ao = 1.2× 1053.
Ωi =
[
(41/108)T 2 + (1/4π2)μ2q]Ci, (9)
and
Ai =
[
μqT
2 + (1/π2)μ3q]Vi − (1/4π2)μqCi, (10)
respectively.
By using Eqs. (7)–(10) and also by imposing the condition for
the conservation of baryon number Ao of the initial SQM, namely
Ao =
∑
i
Aiωi(Ai), (11)
we may now calculate the mass-spectrum of the strangelets for
values of temperature (T ) in the range 1–10 MeV. Such tempera-
ture range includes typical temperatures of the ejecta found in the
simulations of merger between two neutron stars [41], although
the temperature of the material ejected in strange star-mergers
is not explicitly mentioned in the published simulation results
[32,33]. As noted above, the temperature considered here is also
consistent with those of the fragmenting SQM during SN-II explo-
sions [35]. In our calculations, Ao = 1.2 × 1053 corresponding to
the average mass of about 10−4M ejected during each merger-
event between two strange stars [32,33]. The range of values for
the available volume V is taken to be 2Vo–9Vo in consonance
with the standard practice in the calculations of nuclear fragmen-
tation. Here, Vo = 4πr3b Ao/3 is the volume of the bulk SQM, where
r3b = 3/(4πnB); nB = 0.7B3/4 being the typical baryon number den-
sity of bulk SQM [8].
Fig. 1 shows the mass-spectrum for the strangelets at V = 5Vo
and for three different values of the temperature at freeze-out,
namely T = 1.0, 5.0 and 10.0 MeV. In this ﬁgure, the multi-
plicity of the strangelets is seen to decrease with increasing size
(or, baryon number) of the strangelets. We also ﬁnd that light
fragments are produced more copiously with an increase in tem-
perature while the production of heavy fragments is suppressed.
Similar enhancement in multiplicity of smaller fragments and the
suppression of larger fragments is also observed in Fig. 2 as we
increase the available volume V at a ﬁxed temperature (T =
1.0 MeV). Such pattern of fragmentation is familiar from the nu-
clear multifragmentation models; e.g., [29].
To address the question of stability of the produced strangelets,
we plot the energy per baryon (Ei/Ai with Ei = 4BV i) of theFig. 2. (Color online.) ln ω vs. A for different values of the available volumes V .
Temperature is taken as 1.0 MeV. Here, Ao = 1.2× 1053.
Fig. 3. (Color online.) Energy per baryon (E/A) vs. baryon number (A) of the
strangelets at different temperatures but for a ﬁxed value of the available volume
V = 5Vo.
strangelets against their baryon number Ai at different tempera-
tures and at V = 5Vo. In Fig. 3, we ﬁnd that the strangelets with
Ai  4 tend to have energies (per baryon) that are larger than
930 MeV that corresponds to the energy (per baryon) of the nu-
clei of 56Fe. Such strangelets are possibly unstable and are likely
to decay into normal nuclei. Similar problem with the stability of
light (A  6) strangelets was mentioned in Ref. [2]. Such stability
properties of the strangelets are, however, strongly parameter de-
pendent [25].
4. Discussion
In this Letter, our primary goal was to obtain the baryon num-
ber distribution of strangelets that may fragment out of the warm
SQM ejecta produced in various possible astrophysical processes,
such as the merger between binary strange stars or the SN-II ex-
plosions. The following observations are, however, pertinent to the
fragmentation model presented here.
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must be made in this context. Analytical calculation at T = 0 with
the condition for the number of quarks in a strangelet to be pos-
itive requires that (4π2B/3)1/4 < μq < (4π2B)1/4. By substituting
B1/4 = 145 MeV, we thus obtain 275.5 MeV < μq < 362.5 MeV.
Farhi and Jaffe had earlier pointed out that value of μq should be
around 300 MeV [2,42]. The magnitude of chemical potential in the
range 275.0–276.2 MeV, that we ﬁnd in our calculations at ﬁnite
temperature, is consistent with the above estimates.
In writing the expression for fragment multiplicity in Eqs. (6)
and (7), we have used classical Maxwell–Boltzmann (MB) distribu-
tion rather than the quantum statistical distributions. We checked
that the values of the multiplicities do not signiﬁcantly differ due
to the neglect of quantum statistics, particularly in the case of
massive strangelets. For example, the value of ωi for Ai = 7 ob-
tained by using MB statistics is less by about 13.0% than the corre-
sponding value obtained from quantum statistics at a temperature
of 1 MeV. Such deviation decreases rapidly with increasing baryon
number to become only about 6.0% for Ai = 10 at 1 MeV. For a
ﬁxed value of Ai , the above discrepancy decreases with increasing
temperature thus being only about 1.0% for Ai = 7 at 10 MeV.
The assumption of thermodynamic equilibrium for the frag-
menting SQM ejecta plays an important role in ﬁnding the frag-
ment size distribution. A preliminary examination of recent sim-
ulations on strange star merger [32,33] suggests that the relative
velocity between the ends of the ﬁlamentary ejecta (or, the tidal
arm) of total length ∼ 100 km, that is produced after the merger,
may be v ∼ 2π × 20 km (ms)−1 ∼ 105 kms−1. We have assumed
that the distance between the centers of the strange stars in a bi-
nary system of orbital period ∼ 1 ms, is ∼ 20 km at the instant of
the merger. We now consider the relative motion between neigh-
boring elements of the tidal ﬁlament. By ‘neighboring elements’,
we mean the elements separated by distances of about 10–100
times the approximate collisional mean free-path of the fragment-
ing strangelets which may be just about a few fm. The relative
rate of separation between such neighboring regions of the ejecta
thus seems to be  (105/100) × 10−16 ∼ 10−13 kms−1 that is
many orders of magnitude smaller than the thermal velocity of
∼ 103 kms−1 for the strangelets of average size A = 16 at a tem-
perature T ∼ 1 MeV. The assumption of quasi-static evolution of
the ejected material towards its thermodynamic equilibrium con-
sidered in Section 2 of this Letter seems to be justiﬁed in view of
the above arguments.
In case of ﬁnite temperature (T > 0), the quarks are statistically
distributed over energy levels and so the color singlet condition
comes into play. The color singlet constraint increases the energy
(per baryon) for ﬁxed entropy and thus the number of possible
conﬁgurations are reduced [8,39,40]. We, however, do not take the
color singlet condition into account as it may not produce signiﬁ-
cant effect at temperatures  10 MeV [8,39].
Finally, the assumption of massless quarks, as a consequence of
which we get chargeless strangelets, does not allow us to directly
use the derived mass-spectrum in a realistic galactic propagation
model. We can, nevertheless, estimate an approximate magnitude
for the galactic ﬂux of the strangelets of a certain baryon number if
we consider that the strangelets may possess a small charge due to
minute differences in their numbers of u-, d- and s-quarks. For the
purpose of the present Letter, we further assume that such minute
difference between the numbers of quark-ﬂavors does not appre-
ciably change the mass-spectrum of the strangelets. The charged
strangelets would then propagate in the inhomogeneous magnetic
ﬁeld of the Galaxy so that we can use a diffusion approximation
[43,44] to describe their propagation. In this approximation, we
consider that apart from certain aspects, such as their unusually
high mass to charge (A/Z ) ratio compared to the normal nuclei,the strangelets would mostly behave like ordinary cosmic ray nu-
clei [25] that are formed predominantly near the galactic plane and
the galactic center and then diffuse towards the boundaries of the
galactic halo [43]. An approximate order of magnitude estimate for
the total ﬂux F (Ai) of the strangelets with baryon number Ai at
the solar distance R ≈ 8 kpc from the galactic center is then given
by [43]
F (Ai) = D.dn(Ai, r)
dr
.4π R2
∼ L
2Rmωi(Ai)
2VG R
.4π R2 particles s−1. (12)
Here, n(Ai, r) is the number density of strangelets of size Ai in
the Galaxy, an average value of which may be given by navg(Ai) ≈
Rmτωi(Ai)/VG with Rm being the rate of merger between the
strange stars in the Galaxy, τ the conﬁnement time and VG the
effective conﬁning volume of strangelets in the Galaxy. In Eq. (12),
D is the diffusion coeﬃcient of the strangelets and L = (2Dτ )1/2 is
the root mean square distance traveled by the strangelets in time
τ [43]. After the substitution of L ∼ 10 kpc [8], VG ∼ 1000 kpc3
[25] and Rm ≈ 10−5 yr−1 [32–34], we ﬁnally arrive at an estimate
for the intensity of strangelets of size Ai in the neighborhood of
the Sun. Such estimation reads
I(Ai) ∼ 5× 10−48ωi(Ai) particles m−2 sr−1 yr−1 (13)
with ωi(Ai) given in Eq. (7) above. Considering all the strangelets
with Ai  5, the integrated strangelet intensity above Earth’s at-
mosphere turns out to be ∼ 105 m−2 sr−1 yr−1 that is comparable
with the intensity obtained by Madsen [25]. We, however, note
that the detailed processes, such as the ionization energy loss, de-
cay, spallation and the re-acceleration mechanisms [25] for the
strangelets in the Galaxy are absent in the simpliﬁed treatment
of propagation presented above. Also, the effect of solar modula-
tion as well as the effect of the geomagnetic rigidity cut-off on
the strangelets [25] have not been taken here into account. In the
near future, we plan to incorporate the effect of ﬁnite mass of the
strange quarks to examine the effect of ﬁnite charge on the mass-
spectrum of the strangelets. Existence of ﬁnite charge would then
allow us to consider the detailed aspects of propagation of such
strangelets in the Galaxy. It is to be hoped that the simple model
of SQM-fragmentation and the resulting strangelet-mass spectrum,
that we present here, would provide a useful guidance to such
more involved calculations.
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